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We show that the excess events observed in a number of recent LHC resonance searches can be 
simultaneously explained within a non-supersymmetric left-right inverse seesaw model for neutrino 
masses with Wr mass around 1.9 TeV. The minimal particle content that leads to gauge coupling 
unification in this model predicts gn ~ 0.51 at the TeV-scale, which is consistent with data. The 
extra color-singlet, 5'f7(2)-triplet fermions required for unification can be interpreted as the Dark 
Matter of the Universe. Future measurements of the ratio of same-sign to opposite-sign dilepton 
events can provide a way to distinguish this scenario from the canonical cases of type-I and inverse 
seesaw, i.e. provide a measure of the relative magnitudes of the Dirac and Majorana masses of the 
right-handed neutrinos in the 5'[/(2)_R-doublet of the left-right symmetric model. 


INTRODUCTION 

Recently, a number of resonance searches at the y/s = 
8 TeV LHC have reported a handful of excess events 
around invariant mass of 1.8 - 2 TeV. The most signif¬ 
icant ones are: (i) a 3Acr local (2.her global) excess in 
the ATLAS search [T] (see also [2] for the corresponding 
CMS searches reporting a mild excess at the same mass) 
for a heavy resonance decaying into a pair of Standard 
Model (SM) gauge bosons VV (with V = W,Z); (ii) 
a 2.8(7 excess in the CMS search [3] for a heavy right- 
handed (RH) gauge boson Wr decaying into an electron 
and RH neutrino Nr, whose further decay gives an eejj 
final state; (hi) a 2.2a excess in the CMS search [3] for 
W' WH, where the SM Higgs boson H decays into 
hh and W ^ fv (with f = e,/r); (iv) a 2.1(7 excess in 
the CMS dijet search [5]. These excesses of course need 
to be confirmed with more statistics at the LHC run H 
before any firm conclusion about their origin can be de¬ 
rived. Nevertheless, taking them as possible indications 
of new physics beyond the SM, it is worthwhile to exam¬ 
ine whether all of them could be simultaneously explained 
within a self-consistent, ultra-violet complete theory that 
could be tested in foreseeable future. 

One class of models that seems to broadly fit the ob¬ 
served features in all the above-mentioned channels is 
the Left-Right Symmetric Model (LRSM) of weak inter¬ 
actions based on the gauge group SU{2)r x SU{2)r x 
U{1)b-l 0, with the RH charged gauge boson mass 
Mwa ~ 2 TeV and with gR < at the TeV-scale [7], 
9l(r) being the SU{2)^R~f gauge coupling strength. 
Within this framework, the eejj excess [3] can be un¬ 
derstood [THTO] as pp Wr —>■ eNR —>■ eejj [n and is 
related to the type-I seesaw mechanism [12j for neutrino 
masses. The WZ excess [1] and WH excess |4j can be 
understood [7l[T3l[T4j in terms o^Wr WZ, WH, since 
these couplings naturally arise in these models from the 


vacuum expectation values (VEVs) of the bidoublet field 
used to generate quark and lepton masses 0 (see [H] for 
some alternative explanations of the diboson excess). Fi¬ 
nally, the dijet excess 0 can simply be due to Wr —>■ jj. 

However, a particular aspect of the observations in the 
eejj channel, namely, a suppression of same-sign elec¬ 
tron pairs with respect to opposite-sign pairs 0 , cannot 
be explained within the minimal LRSM with type-I see¬ 
saw mechanism. This is because of the fact that for a 
type-I seesaw interpretation of the eejj excess, one ex¬ 
pects equal number of same and opposite-sign dileptons 
due to the purely Majorana nature of the RH neutri¬ 
nos (see [10] for an exception, when the interference of 
two non-degenerate RH Majorana neutrinos with mixed 
flavor content and opposite CP parities can partially 
suppress the same-sign dilepton signal). Thus, a heavy 
pseudo-Dirac neutrino, as naturally occurs in the inverse 
seesaw mechanism HU, seems to be the simplest possi¬ 
bility to explain the suppression of same-sign dilepton 
events in both CMS 0 [TU and ATLAS [13] searches. 

The main result of this letter is that if the differ¬ 
ence between same and opposite-sign dilepton signal be¬ 
comes statistically significant, it more likely suggests an 
inverse seesaw interpretation rather than a type-I seesaw 
in a left-right (LR) model. Note that in the original in¬ 
verse seesaw proposal [16] . the lepton number violation 
is small, being directly proportional to the light neutrino 
masses, and hence, it is rather unlikely to have any same- 
sign dilepton events in this scenario. In this letter, we 
show that there exists a class of inverse seesaw models 
where the heavy neutrinos are still Majorana fermions 
with non-negligible lepton number violation, without af¬ 
fecting the inverse seesaw neutrino mass formula. In this 
class of models, it is possible to accommodate a non-zero 
same-sign dilepton signal, while being consistent with 
the suppression with respect to the opposite-sign signal. 
In particular, a statistically significant non-zero ratio of 


2 


same and opposite-sign dilepton signal events could be 
used to test the relative strength between the Dirac and 
Majorana nature of the heavy neutrinos at the LHC. 

Another important result of this letter is that our TeV- 
scale LRSM with inverse seesaw unifies to an S'O(IO) 
Grand Unified Theory (GUT) at a high scale Mjj ^ 10^^ 
GeV without introducing any other intermediate scales, 
which is remarkable for a non-supersymmetric theory. 
This is achieved with a minimal TeV-scale particle con¬ 
tent, which predicts the value of gn ~ 0.51 at the TeV- 
scale, thus naturally satisfying the requirement < g^ 
to explain the excess events mentioned above. Moreover, 
such a single-step unification without introducing super- 
symmetry (SUSY) also requires the existence of SU{2)- 
triplet fermions, which can naturally act as the Dark 
Matter of the Universe m- Finally, this model could also 
explain the observed baryon asymmetry of the Universe 
via leptogenesis through the out-of-equilibrium decay of 
the heavy Majorana neutrinos, while avoiding the strin¬ 
gent leptogenesis bounds on Mw^ HD] due to suppressed 
lUi^-induced washout in this case m- 

THE MODEL 


As in the usual LRSM [6|, denoting Q = (u d)^ and 
Ip = {vi iY 3.S the quark and lepton doublets respec¬ 
tively, Ql and tpL are doublets under SU(2)l, while 
Qr and tpR are SU{2)r doublets. To implement the in¬ 
verse seesaw mechanism Hi, we add three gauge-singlet 
fermions Si. The minimal Higgs sector of the model con¬ 
sists of an SU{2)l x SU{2)r bidoublet (p, an SU{2)r- 
doublet xr and S'U(2)j^-triplet The gauge symme¬ 
try SU{2)r X U(\)b-l is broken to U{1)y by the triplet 
VEV (Ajj) = vr, as well as the doublet VEV {xY) = ^R^ 
whereas the bidoublet VEV {(p) = diag(K, n') breaks the 
SM gauge group SU{2)r x U{\)y to 17(l)em- The LH 
counterparts {xl and A^) are assumed to be at the GUT 
scale, following “broken D-parity” models H2|. 

The Yukawa Lagrangian of the model is given by 

Cy = h‘PjQL,z(pQR,j + h1jQL,i(pQR,j + h\jtpL,i(p'tpR,j 

+ h\j'ipL,i<P'(pR,j + fzj'fpR,iXRSj + ^Sfgs,ijSj 

+ + ^Z^^LtpLj) + H.C., (1) 

where i,j = 1,2,3 stand for the fermion generations, C 
for charge conjugation and (p = T 2 (p*T 2 {t 2 being the sec¬ 
ond Pauli matrix). After electroweak symmetry break¬ 
ing, the Dirac fermion masses are given by the generic 
formula Mf = n+h^ k' for up-type fermions, while for 
down-type quarks and charged-leptons, it is the same for¬ 
mula with K k' . Eq. Q leads to the Dirac mass matrix 
for neutrinos: Mr, = h^K + Uk!. The RH neutrinos Nr 
and their singlet partners S generate a Dirac mass term 


Miy = /kr, while the RH neutrinos also get a Majorana 
mass fj,R = f'vR. Thus, the generalized inverse seesaw 
neutrino mass matrix in the flavor basis is 

given by 

/ 0 Mr 0 \ 

M,. = \ Ml ^lR Ml \ . ( 2 ) 

y 0 Mjy gs j 

At tree-level, the Majorana entry g,R in Eq. (§ does not 
affect the light neutrino masses, which are only propor¬ 
tional to /xg. However, standard electroweak radiative 
corrections |27] give an one-loop contribution propor¬ 
tional to Jn^'R, where the loop-factor is given by [24] 

Ml 
Ml 
( 3 ) 


r Ml (Ml\ 3Ml 
ibTT [mI-mi'^{mi) Ml-Ml 


with aw = YlIM:. Gombining the tree and loop contri¬ 
butions, we can write an effective light neutrino Majo¬ 
rana mass which, in the one-generation case, becomes 


M, 


+ Jn^r 


Ml\ 

Ml) 



( 4 ) 


More importantly, the other two mass eigenstates which 
are linear combinations of N and S are also Majorana 
fermions. Denoting them by {Ni,N 2 ), we get the corre¬ 
sponding masses from Eq. (§: 


MNr2 



( 5 ) 


where we have assumed that /is ^ fiR and Mr, Mjy, 
as suggested by Eq. Q. From Eq. ([^, we see that for 
gLR ^ M]y, Ai 2 form a pseudo-Dirac pair, as in the 
usual inverse seesaw case. In the other extreme limit 
g,R ^ Mn, Ni is purely Majorana with = g,R as 
in the type-I seesaw, whereas N 2 will have a mass pro¬ 
portional to fxs- Thus, for intermediate values of g,R, we 
can have scenarios with varying degree of lepton number 
breaking. This has important consequences for lepton 
number violating signals in colliders (see below), as well 
as in neutrinoless double beta decay experiments |25j . 


LEPTON NUMBER VIOLATING SIGNAL 

The charged-current Lagrangian in the RH sector is 
given by 

-Acc = + ^5)Um[cos0Ni - sin6»A2] 

+ H.C., (6) 

where UeN denotes the mixing between the mass eigen¬ 
states Ni and the flavor eigenstate Ng, and 9 is the mixing 
angle between Ai ^2 with tan 20 = 2Mm/ g^R- 
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For dilepton final states, we observe from Eq. Q that 
for Matj 2 < Mwn, the on-shell production of Wr in the 
pp collisions at the LHC is followed by its decay to an 
admixture of the mass eigenstates and their subse¬ 
quent decay to £jj. Thus, for ^ for the Ng 
flavor, we do not expect to see a single peak in the ijj in¬ 
variant mass distribution, which could naturally explain 
the absence of such a peak in the CMS data [3j. 

Also for Mjv y£ 0, the heavy neutrino mass eigenstates 
A^i ^2 in Eq. (§ have masses of opposite sign, which means 
that one of them is odd under CP transformation [55], 
while the other is even under CP. Hence, there will be 
a relative sign between the amplitudes of the processes 
for opposite-sign {pp — ^ Wr —>■ t and 

same-sign {pp — >• Wr — ?> t dilepton final 

states. The ratio of the amplitudes is given by 


Af+i-jj 


cos 20 = 



(7) 


where we have used the field theoretic method of [29] 
to account for the coherent mixing of the two propa¬ 
gating mass eigenstates Ni^ 2 - Eq. 0 implies that un¬ 
like the type-I seesaw case, the number of same-sign and 
opposite-sign dilepton events can be different in our case 
and the ratio = cos^ 29, which can be anywhere be¬ 
tween 0 and 1 , will be a measure of the relative magnitude 
of the two entries pr (Majorana) and Mjv (Dirac) in the 
inverse seesaw mass matrix 0 . This can therefore pro¬ 
vide a plausible mechanism for understanding a non-zero 
but smaller number of same-sign dilepton events than the 
opposite-sign dilepton events, as observed by the CMS 
(barring statistical fluctuations). 

In a simple model, one can assume both the Dirac and 
Majorana masses of the {N, S) sector of the heavy neu¬ 
trino mass matrices to be flavor diagonal. In this case, 
the “small” Majorana entry ps can give the desired flavor 
structure to satisfy the neutrino oscillation data, with¬ 
out affecting the dilepton signal, as long as Mr, < 

[cf. Eq. Q]. Also for final states with different flavors, 
the ratio r in Eq. Q can be different, depending on the 
structure of the full neutrino mass matrix ([^ in the 3- 
generation case. Since we are mainly interested in ex¬ 
plaining the eejj excess, we will not give a detailed de¬ 
scription of the possible flavor structures. Example fits 
to neutrino data can be found in [511 [30]. 

It is also worth noticing that the same characteristic 
of dilepton charge content as in Eq. 0 could emerge in 
the context of SM inverse seesaw without the LR symme¬ 
try, provided the mixing between light and heavy neutri¬ 
nos (typically denoted by V^n MdM^^ in the litera¬ 
ture) is sizable, so that the heavy neutrinos could be pro¬ 
duced on-shell with an observable cross section through 
the Drell-Yan process mediated by an s-channel W bo¬ 
son m- However, the invariant mass pattern of the final 
state jets will be different, since in this case they will 



FIG. 1. Gauge coupling unification in our inverse seesaw Left- 
Right model with Mwr = 1.9 TeV. 


come from an on-shell W decay, and not from an off- 
shell Wr decay as in the LR case. One could also have 
a dominant 2-body decay Nr — >• in the LR case, 

if the mixing parameter is large [32] . but here we 
do not include this possibility, simply because this effect 
could be masqueraded by the hitherto unknown mixing 
parameter Uiri in the RH neutrino sector. 


GAUGE COUPLING UNIFICATION 

Now let us see whether our inverse seesaw LR model 
with TeV-scale Wr can emerge from a non-SUSY S'O(IO) 
GUT, without introducing any intermediate scales, in the 
same spirit as the SUSY version [30]. We find it is pos¬ 
sible, if the particle content given above is supplemented 
by two Weyl fermion triplets Ei,(3,1, 0, l) 0 Si^(l, 3,0,1) 
and an extra real scalar multiplet vj(1,3,0, 8 ) under 
SU{2)r X SU{2)r X U{1)b-l x SU{3)c, all with masses 
in the TeV scale. The triplet fermions 'Sr^r could be 
assumed to have come from a 45-dimensional fermion 
multiplet of S'O(IO), with its remaining components at 
the GUT scale. Similarly the color-octet scalar ip could 
originate from a 210-dimensional S'O(IO) scalar multi¬ 
plet which is often used to break the S'O(IO) gauge sym¬ 
metry. 

The evolution of the gauge couplings is shown in Eig- 
ure where we have chosen the SU{2)r symmetry¬ 
breaking scale such that Mw^ = 1-9 TeV, as preferred by 
the various excesses alluded to above (see next section). 
In Figure [^ we have evolved the gauge couplings = 
gllW from Mz to vr by the SM one-loop /3-functions 
{b2L,biY,b3c) = (-T>fn>“7). At Ufl, the symmetry ex¬ 
pands to SU{2)r X SU{2)r^ X U{1)b-l x SU{S)c with all 
the SM fermions transforming as LR multiplets together 
with the new postulated fields above. The one-loop /3- 
functions in this case are given by ( 62 L, b 2 R, bB-L, b^c) = 
f, - The couplings unify around GeV, 
which easily satisfies the proton decay constraints. 

We note some salient features of this model: 
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(i) P 2 L ^ I32R which implies ghivn) 7 ^ gR{vR). This 
can be implemented by breaking _D-parity at a higher 
scale [ 22 ] . 

(ii) Unification with this particle content predicts 
gR{i>R) — 0.51 < gL{vR)- This is still consistent with 
what is required to fit all the observed excesses (see 
next section). Note that in our case, there is a lower 
limit on g^ set by the matching condition a^yi'^’R) = 

+ ^a^\i^{vR), and therefore, it is not possible 
to choose gR/gL ^ 0.76, unlike in earlier analyses [T]- 

Emani]. 

(hi) A detailed fermion mass and mixing fit can be 
done the same way as in 130], since the features relevant 
to fermion masses are similar in both models. Also note 
that our model is consistent with the low energy con¬ 
straints coming from Kj^ — Kg and B — B systems [54] . 

which roughly imply ^ Moreover, 

the Z' boson mass predicted by these models is expected 
to be larger than thus making it consistent with 

the current LHC bounds on Z' mass |55|. Moreover, the 
Wr contributions to lepton flavor violating (LFV) pro¬ 
cesses like ^—>-67 and /r —>■ e conversion rates, as well 
as the muon [g — 2 ) are well within the current limits 
for small which is anyway desirable in our model 

to explain the absence of an excess in the g.g,jj and e/rjj 
channels in the CMS search |5]. A detailed investigation 
of the model predictions for these LFV observables will 
be given elsewhere. 

(iv) The RH fermion triplet Sr of the model may act 
as the Dark Matter of the Universe [T9| provided there is 
an additional Z 2 symmetry under which only the fermion 
triplet is odd, thus forbidding its coupling to the SM 
fermions and thereby making it stable. The LH compo¬ 
nent will rapidly self-annihilate due to its couplings to 
the SM gauge and Higgs bosons and will not affect the 
evolution of early Universe. 

(v) The observed baryon asymmetry of the Universe 
could be explained via leptogenesis due to the out-of- 
equilibrium decay of the heavy Majorana neutrinos. Un¬ 
like the type-I seesaw case with gg = gR [2Q], the Wr- 
induced washout processes in this model are expected to 
be under control m for Mwji around 2 TeV. A detailed 
quantitative analysis of the lepton asymmetry solving the 
relevant Boltzmann equations will be postponed to a fu¬ 
ture work. 


LHC PHENOMENOLOGY 

Finally, we explore the viable model parameter space 
which can simultaneously fit all the observed excesses 
in eejj, WZ, WH and jj resonance searches. We cal¬ 
culate the HA-production cross section at NLO using 
the FeynRules |5S| implementation of the LRSM [55] 
in MadGraph [57] with NNPDF2.3 PDF sets [55] • We 


find (j{pp —)■ Wr) = 223.4 fb for = 1.9 TeV and 

gR = 0.51. The relevant decay widths of Wr are given 
in the Appendix. 

For the eejj excess, the total cross section can be fit¬ 
ted well with — 0-3 — 0.5 [5]. In our model, 

gR/gL = 0.81 at TeV-scale fixed by unification require¬ 
ments, but we have the freedom in UeN without much 
restriction from neutrino oscillation data due to the in¬ 
verse seesaw structure in Eq. ([^. This also allows us to 
choose a small to explain the absence of ppjj and 
epjj excesses, as well as to satisfy the LFV constraints 
in the e — p sector. The most important aspect of the 
eejj excess in our model is explaining the observed ratio 
of 1/13 for the same-sign versus opposite-sign dilepton 
events [3]. From Eq. Q, we derive the allowed parame¬ 
ter space in the pr — Mn plane satisfying this constraint, 
as shown in Figure]^ (green shaded regions). We have 
also demanded that in this allowed region, both the heavy 
neutrino masses \ contributing to the eejj signal 

are above O.lMwn and at least 100 GeV smaller than 
Mwa, otherwise the signal efficiency after satisfying the 
CMS selection cuts [3] drops substantially and cannot ex¬ 
plain the excess with the given production cross section. 

For explaining the diboson and dijet excesses, we use 
the signal cross section values from a recent fit m- 
awz = 5.9;®;3 fb, awH = 4.5^®;" fb, ct,, = 91^11 fb 
and atb = O^J^ fb, together with the selection efficiencies 
quoted in the corresponding experimental analyses. Note 
that since we have the additional decay modes Wr —7 N£, 
as compared to the analysis in [T4] where Mat > 
was assumed to forbid this channel, all the Wr branch¬ 
ing ratios in our case will depend on the heavy neutrino 
masses. In particular, since the branching ratios to the 
diboson and dijet channels are somewhat reduced, it is 
now possible to fit the excesses in these channels with 
a relatively larger gR value, as dictated by unification in 
our case. The preferred regions in the pr — Mn plane sat¬ 
isfying the diboson (shaded gray) and dijet (shaded blue) 
excesses are shown in Figure]^ It is clear that there ex¬ 
ists a large parameter space simultaneously fitting all the 
excesses, while being consistent with gauge coupling uni¬ 
fication, as well as other low-energy constraints. The only 
mild fine-tuning needed is to make 0 < \pr\ < 2|MAr|. 

CONCLUSION 

We have presented a simple ultra-violet complete 
non-supersymmetric left-right model with inverse seesaw 
mechanism for neutrino masses that seems to fit all LHG 
excesses near 2 TeV invariant mass. Our model with 
a minimal TeV-scale particle content leads to successful 
gauge coupling unification at an experimentally allowed 
high scale, and predicts the value of the RH gauge cou¬ 
pling at the low-scale. This is shown to be consistent with 
our fit. Another main result of this letter is that the ratio 
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= 1.9 TeV,3R= 0.51 



-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 

fjf, (TeV) 


FIG. 2. The shaded regions represent the allowed 
parameter space. Note that the grey and blue shaded regions 
almost overlap. The intersection of the shaded blue and green 
regions simultaneously fits all the excesses. 


of the dilepton signals with lepton number violating and 
conserving final states could be used to distinguish this 
class of inverse seesaw models with varying degree of lep¬ 
ton number violation from the canonical type-I (purely 
Majorana) and inverse seesaw (pseudo-Dirac) scenarios. 
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Appendix 


Here we list the analytic formulae for relevant partial decay widths of Wr: 


F(IU± ^ Nd^) 
F(W+ ^ fb) 
T{W^ ud) 

r(iu| ^ w^z) 


V{W^ W^H) 


N, 




{ ^2Ml 




1_ 


M? 


^Wr. 
2 




Ml 


Wr. 


; sin^ 2/3(1- 


T Ml^ + Mf 




\ ^Wr ^Wr 

MI.R J 




( 8 ) 

(9) 

( 10 ) 


( 11 ) 


( 12 ) 


where 9w is the weak mixing angle, tan/3 = KijK 2 is the ratio of the bidoublet VEVs which characterizes the Wr — Wr 
mixing ^ ~ —2^7 ^ (^ Mw ) WZ,WH decays, a is the mixing of the SM Higgs boson with the second 

Higgs doublet coming from the bidoublet in the model, and is the flavor mixing Uin in the RH neutrino sector 
multiplied by either cos^ 6 or sin^ 6 [cf. Eq. (6) in the main text]. We assume that the non-standard Higgs bosons in 
our model do not contribute significantly to the total decay width of Wr. Note that in the SM Higgs alignment limit 
a —>■ /3 — 7r/2, the tUi^ WH and Wr WZ partial decay widths are equal (up to higher order terms in the various 
mass ratios), as is required by the Goldstone boson equivalence theorem. Eor our numerical fit, we have chosen the 
benchmark values Mwr = 1-9 TeV, gR = 0.51, /3 = 7r/4 and a = (3 — 7r/2. This gives j^j ~ 1.4 x 10“^, consistent with 
the experimental constraints m- 
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